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Abstract. The reaction 11B + p has been used to populate the (Jpi , T ) = (2+, 1) state at an excitation
energy of 16.11MeV in 12C. γ-decay to unbound states in 12C are identified from analysis of the decay
of the populated daughter states. Due to a new technique, γ-decay to the 10.8MeV 1− state is observed
for the first time, and transitions to the 9.64MeV (3−) and 12.71 MeV (1+) are confirmed. Unresolved
transitions to natural parity strength at 10MeV and 11.5-13MeV are also observed. For all transitions
partial widths are deduced.
PACS. 23.20.Lv γ transitions and level energies – 23.60.+e α decay – 25.40.Lw Radiative capture –
27.20.+n Properties of specific nuclei listed by mass ranges; 6 ≤ A ≤ 19
1 Introduction
The spectrum of 12C has been the subject of countless
studies throughout the history of nuclear physics. The nu-
cleus has only two bound states with the continuum open-
ing at the 3α threshold slightly above 7MeV. Much work
has focused on understanding the continuum between the
3α threshold and the proton threshold near 16MeV. The
first resonance is already at 7.65MeV (0+), the so called
“Hoyle state”, which is dominating the rate of the triple-α
reaction in stars. Above that there are well identified 3−,
1−, 2−, 1+, and 4+ resonances below the proton thresh-
old [1].
In the past decade experimental evidence has mounted
for additional resonances in this energy range. From a
study of the 12C(12C,3α)12C reaction Freer et al. found
evidence for broad 1− and 3− resonances at 11.8 and 12.5
MeV, while the resonance at 13.35MeV listed as 2− in [1]
was reassigned as 4− [2]; the latter was confirmed by Kirse-
bom et al. [3]. Evidence for a 2+ state near 10MeV has
come from inelastic α- and proton- scattering [4,5,6,7],
transfer reactions [8] and γ dissociation of 12C [9,10]. R-
matrix analysis of data from the β-decay of 12B and 12N
suggests overlapping 0+ and 2+ structures at a somewhat
higher energy of 11.1MeV, but provided no support for
2+ strength at 10MeV [11]. Finally, evidence for a 4+ res-
onance at 13.3MeV [12], and for a broad unnatural parity
state with J≥4 at 12.4MeV [13] have been reported.
As recently reviewed [14], there is also theoretical sup-
port for additional states in the spectrum of 12C between
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the 3α- and proton-thresholds. Many models either pre-
dict or assume cluster structure of 12C. An example is the
algebraic cluster model of Bijker and Iachello [15], which
recently received experimental verification [16]. This model
predicts several states between 7 and 16MeV including de-
generate pairs of parity doublet states.
The main challenge with clarifying this situation is
that many of the new resonances suggested either by data
or theory have widths in excess of an MeV and are over-
lapping. There is therefore a need for new experimental
methods which selectively can populate specific Jpi states
such that the individual contributions from overlapping
states can be resolved.
Kirsebom et al. has developed a method for identify-
ing γ-decay to unbound states in 12C [17], see also [18].
The method has been applied successfully in a proof-of-
principle study using the 1+ states in 12C at 12.71MeV
and 15.11MeV as parent states for the γ-decay [17]. This
method resembles the method of β-delayed particle emis-
sion both in its selectivity and in the nature of the mea-
sured spectra. In particular this is the case for the spec-
trum from the 15.11MeV state because it is a member
of the same isospin multiplet as the ground states of 12B
and 12N, and the effective M1 operator responsible for the
γ-decay is closely related to the effective Gamow-Teller
operator responsible for the β-decay.
Here we report on a measurement of the γ-decay of the
(2+, T=1) state at 16.11MeV in 12C to unbound states.
E1 and M1 transitions from this state can populate J=1,
2 and 3 states with negative and positive parity, respec-
tively. This measurement may therefore cast some light on
resonances with these spins and parities.
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The paper is structured in the following way: section
2 describes the method of γ-decays to unbound states.
Then, section 3 reviews the previous work on the decay
of the 16.11MeV state, and section 4 explains the experi-
mental setup including geometry and energy calibrations.
Section 5 presents the measured data, accounts for im-
portant parts of the applied analysis, and presents the
experimental results, and finally in section 6 the results of
the measurement are discussed.
Other aspects of the experiment discussed here have
been recently published [20].
2 Methodology
Detecting electromagnetic transitions to or from broad
particle-unbound resonances with widths in excess of a
few tens of keV is complicated due to the large spread in
γ energy. Also, because γ-decay widths are limited to a
few eV or less, the γ-decay branching ratio for states in
the continuum are typically less than 10−3. Indirect de-
tection of γ-decay is a method developed for these cases.
The basic idea is to substitute direct γ-ray detection with
the detection of the particle decay of the unbound state
populated after the γ-decay. By knowing the energy of
the parent state, the γ-decay is identified by the missing
energy that equals the difference in energy between the
parent and daughter levels.
This method offers several advantages compared to
conventional methods for γ spectroscopy. Charged particle
detectors (see Section 4 for the detectors used here) have
a simpler response function than modern γ-ray detectors,
which makes it more feasible to measure the non-Gaussian
profile of a broad resonance. Also, the intrinsic efficiency
of γ-ray detectors limits their applicability for weak decay
branches. If the natural width of the unbound state is sev-
eral tens of keV the reduced resolution of charged particle
detectors compared to high resolution γ-ray detectors is
of little consequence.
The case of interest here are resonances in 12C, which
decay by triple-α emission. This offers a challenge and
additional advantages. The challenge is to design a detec-
tion system capable of detecting with high efficiency final
states of three particles. This is today relatively simple to
achieve with large area, segmented Silicon detectors, as
will be described in section 4 for the experiment discussed
here. The advantages include the fact that recording the
decay of the daughter state in triple coincidence essen-
tially is background free since many analysis conditions
can be placed on such events in the off-line analysis. In
addition kinematic analysis of the triple-α decay can split
the events into decays occurring via the 0+ ground state
in 8Be, and decays occurring via higher energies in the
two-α system. Since angular momentum and parity con-
servation forbids unnatural parity states to decay through
the ground state of 8Be, this provides an additional spec-
troscopic tool. In the present case this method will help
the assignment of the final states populated by either E1
or M1 transitions.
Partial γ widths can be calculated by measuring the
branching ratio Bγ,i of the individual γ-decays and nor-
malising to the to total width of the parent state Γtot,
Γγ,i = ΓtotBγ,i. (1)
As usual, the branching ratio can be determined as the
ratio between the total number of decays of the parent
state to the number of decays to a particular final state
following the γ-decay.
The method of indirect detection of γ-rays is further
discussed in [17,18,19].
3 Properties of the 16.11 MeV 2+ resonance
In the present work the p + 11B reaction is used to popu-
late the [Jpi = 2+, T = 1] state at 16.11MeV in 12C. The
known decay branches of this state are proton emission, α-
emission, and γ decays to the ground state, the 2+ state at
4.44MeV, the 3− state at 9.64MeV, and to the 1+ state at
12.71MeV. The relevant data has been reviewed and eval-
uated by Ajzenberg-Selove and Kelley [1]. Figure 1 shows
the known decay branches.
The literature on the partial decay branches of the
16.11 MeV state is quite rich including absolute and rel-
ative measurements of the γ- and α-emission branches.
These values are often in mutual disagreement, and it is
therefore challenging to combine the previous measure-
ments into recommended values. However, it seems sev-
eral of the partial widths should be updated compared
to the latest evaluation [1]. This is partly caused by the
appearance of new data.
The α-emission channels have been the subject of many
studies. It is established that approximately 5% of the
α-decays go to the ground state of 8Be (referred to as
the α0-channel). The interpretation of the remaining 95%
of the α-decays (referred to as the α1-channel) has been
contested. The analysis of these channels from the same
experiment as discussed in the present paper has been re-
cently published including a new, precise measurement of
the ratio of the partial α-decay branches Γα0
Γα1
=5.1(5)% [20].
In the narrow resonance limit the partial widths Γx
are related to partial cross sections σpx in the reaction
11B(p,x) by the relation
σpx = 4πλ¯
2ωΓpΓx/Γ
2
tot. (2)
In this expression, the total width Γtot is measured by
both Davidson et al. [21] and by Becker et al. [22] lead-
ing to a combined value of Γtot=5.3(2) keV. The ground
state γ-decay width Γγ(gs)=0.35(4)eV [23] has been mea-
sured by electron scattering. Electron scattering consti-
tutes a direct measurement of the ground state radiative
width, and therefore ought to be more reliable than indi-
rect approaches. We therefore adopt the value from elec-
tron scattering here, although it is almost half the value
recommended by the evaluation [1].
The new value for the ratio Γα0
Γα1
from [20] together with
the value for the total width leads to new values for the
partial α-decay branches Γα0 and Γα1 given in table 1.
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Fig. 1: Decay scheme for 12C the 16.11 MeV state. All energies are in MeV relative to the ground state of 12C. Above
the triple-α threshold only states of interest are shown, all taken from the review of Ajzenberg-Selove and Kelley [1].
Note, the 10.3 MeV 0+ state has later been reinterpreted [11,29,30]. The shading (grey) indicates regions with broad
resonances (Γ ∼1MeV).
The cross sections σpγ0 and σpγ1 for producing the
ground state and first excited state γ-rays have been con-
sistently measured both by Huus et al. [24], and by Ce-
cil et al. [25] with combined values of σpγ0=5(1) µb and
σpγ1=140(20) µb respectively. Combining these values and
eq. 2 gives Γp=37(7) eV. This value is almost a factor 2
larger than that of [1], and although less precise seems
more reliable. Using this value and eq. 2 leads to σpα=75(15) mb,
which is consistent with the measurement of Becker et
al. [22].
The partial width for the γ-decay to the 4.44MeV
state can be obtained by combining the total width [21,
22] with the value of
Γγ (4.44)
Γα
=2.0(3)×10−3 [25]. The par-
tial γ-decay branches to the excited states at 9.64 MeV
and 12.71 MeV were measured relative to the transition
to the 4.44 MeV state by Adelberger et al. [26]. This can
be used to derive the partial widths to these states given
in table 1.
4 Experimental arrangement
The experiment to be described was conducted during a
period of 6 months. It consisted in producing the 16.11MeV
state by proton bombardment of 11B, and detecting α-
particles from decay of the state with Silicon detectors.
The proton beam from the 400 keV Van de Graaff ac-
celerator at Aarhus University was passed through a mag-
netic analyzer to bombard thin natural boron targets with
thicknesses ranging between 10-15µg/cm
2
on 4µg/cm
2
carbon backing. With a set of horizontal and vertical slits
the beam was reduced to a size of 2mm × 2mm and beam
currents of typically 1 nA. The detection system consisted
of two double-sided silicon strip detectors (DSSSD1 and
DSSSD2) of the W1 type with 16 × 16 strips and an ac-
tive area of 5 cm × 5 cm. DSSSD1 had a thin deadlayer
equivalent to 200 nm Si, while the deadlayer of DSSSD2
was 700 nm. Both detectors were 60µm thick; enough to
fully stop all α particles from the p + 11B reaction. For
the largest part of the experiment the detectors were po-
sitioned as shown in Fig. 2 covering center-of-mass polar
angles in the intervals 60°−150° (DSSSD 1) and 35°−120°
(DSSSD 2).
The electronics chain consisted of Mesytec MPR-32
charge-sensitive preamplifiers, andMesytec STM16+ shap-
ing amplifiers and discriminators. The shaped and ampli-
fied signals were digitized with CAEN 785 analogue-to-
digital-converters (ADC), and the discriminator outputs
were used to generate the trigger, and after a delay fed to a
CAEN 1190 time-to-digital converter (TDC). The ampli-
fication gain was stable throughout the experiment. The
energy resolution of the system for both detectors was
40 keV (FWHM), and the time resolution was approxi-
mately 100 ns. The trigger efficiencies were found to rise
gently as a function of energy, increasing from 0% to 100%
within an interval of 200-400 keV. Trigger thresholds, de-
fined as the energy at which the efficiency reaches 50%,
ranged from 100 to 300 keV for DSSSD 1, and from 200
to 500 keV for DSSSD 2. Low energy cutoffs in each ADC
channel ranged from 10 to 100 keV for DSSSD 1 and from
100 to 200 keV for DSSSD 2. Further information on the
experimental arrangement can be found in [20,28].
For energy calibration we used the six most intense
α lines from a 228Th source, which ranches from 5.4 to
8.8MeV. Throughout the experiment calibrations were made
regularly. SRIM [32] range tables were used to correct for
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Fig. 2: Detector setup used in the experiment; DSSSD1 is
to the right, DSSSD2 is to the left. Each detector has a size
of 50×50mm2 and they are separated by approximately
50mm. The target is in the centre and the beam direction
is illustrated by the arrow.
energy losses in the source itself and the in detector dead-
layers. Corrections were also made for non-ionizing energy
losses [33] in the active detector volume. By measuring
with the source in rotated positions its thickness was de-
termined to be equivalent to 100(4) nm of graphite. The
detector deadlayer thicknesses were found by studying the
variation of pulse height across a strip due to the change
in effective deadlayer thickness.
During the 6 months used for the experiment several
smaller changes to the setup was made. The total ac-
quired data has therefore been split into 10 data sets, and
the data analysis performed separately for each of these
data sets before being combined to final results. The total
beam time over the 6 months period was approximately
300 hours. For further information see [20,28].
5 Data analysis and results
The data analysis is structured in the following way. First
events where three α-particles are detected in coincidence
are identified. By analysing the total centre of mass ener-
gies of these events a spectrum of final states populated
by γ-decay of the 16.11 MeV state is generated. Then the
partial decay widths and reduced transition strengths are
deduced for the observed transitions based on eq. 1.
Identification of 3α events
True 3α events are identified through a chain of steps. The
main goal of these steps is to remove random coincidence
events where one or more α particles are recorded in coin-
cidence with either a noisy signal, an elastically scattered
proton, or an α particle from a different breakup process.
First, the TDC signals are used to reduce the number
of random coincidences. Next, the front and back ener-
gies recorded in a detector are required to match within
150 keV. The front-back matching procedure reconstructs
summing and sharing events, the latter resulting from in-
terstrip hits where the electron-hole pairs created by one
particle are collected in two neighbouring strips. The sum-
ming contribution is significant in the 8Be(gs) channel due
to the small opening angle between the secondary α parti-
cles. We then use that the total center-of-mass momentum
is zero for a genuine triple-α breakup, and apply cuts on
the sum of the α particle momenta as well as on the indi-
vidual momentum components. These cuts can be used to
pick out the γ-delayed events because the γ-decay induces
a negligible recoil to the system. We also require the an-
gles between the three α particles to sum to 360°, and that
the breakup must occur in one plane. For both these cuts
a margin of 10° is allowed. The effect of the cuts is such
that the TDC cut reduces the number of triple events by
a factor 100 at the lowest energies and a factor 5-10 at 8-
10 MeV sum energy, while the momentum and sum angle
cuts remove an additional approximately 100 events. Fur-
ther information on the analysis procedure can be found
in [18,20,28].
The events left over from imposing these analysis steps
can be assumed to be true 3α events. It is useful to divide
these events into two groups defined by the breakup kine-
matics. By calculating the relative energy for each pair of
α-particles, decays proceeding via the ground state of 8Be
can be labelled as 8Be(gs). The remaining events are la-
belled as 8Be(exc). This step is discussed in greater detail
in [20].
The 12C excitation energy spectrum, for all acquired
data, is shown in the lower panel of Fig. 3. The spec-
trum consists of three peak and an unresolved contri-
bution. The peaks can be identified as the known lev-
els 3− (E = 9.64MeV, Γ = 48(2) keV [34,35]), 1− (E =
10.85MeV, Γ = 272(5) keV [34]) and 1+ (E = 12.71MeV, Γ =
18(5) eV [1]). The transition to the 1− state, and the un-
resolved contribution, are observed here for the first time.
The fact that the transition to the 1− state was missed
in the previous studies using conventional γ-spectroscopy
illustrates the advantages of the method of indirect γ de-
tection for identifying transitions to broad final states.
The excitation energy spectrum in Fig. 3 is divided into
two types; one for the 8Be(gs) channel (hatched), and a
second for the 8Be(exc) channel (filled). Thus, the hatched
histogram illustrates transitions to states of natural par-
ity, in agreement with our spin-parity assignment for the
peaks at 9.6MeV and 10.8MeV. Natural parity events
can also be identified around 10MeV and between 11.5-
13.0MeV. These events cannot be linked to any known
resonances in 12C.
The two decay channels 8Be(gs) and 8Be(exc) can also
be identified on the upper panel of Fig. 3 which shows
a scatter plot of 12C excitation energies Eexc determined
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Fig. 3: (Color online) Bottom panel : 12C energy spectrum
for all data with the excitation energy along the abscissa.
The hatched (blue) histogram is gated on the 8Be ground
state and the filled (red) histogram represents decays pro-
ceeding through the first excited state in 8Be. Top panel :
two dimensional plot with the individual α particle ener-
gies, Eα,i, along the ordinate and the excitation energy
along the abscissa.
from the total 3α decay energy versus the individual α-
particle energies Eα,i. The
8Be(gs) channel can be identi-
fied from the two-body kinematics relation
Eα,1 =
2
3
(
Eexc. − E8Be(gs)
)
, (3)
which describes a linear relation between Eα,i and Eexc
corresponding to the diagonal in the top panel of Fig. 3
extending from the lower left to the upper right.
Transitions to states that decay through the 8Be(exc)
channel are also identified in Fig. 3. The 12.71MeV (1+)
state, which only decays in the 8Be(exc) channel due to
angular momentum and parity conservation, stands out
most significantly, while events are also observed at 11.5-
12.5MeV. These events could result from the known 2−
state at 11.83MeV [1], but may also represent a 8Be(exc)
branch from the same source that gives rise to the 8Be(gs)
events in these energy bins.
Extraction of partial widths
The partial decay widths can be calculated from eq. 1. For
the total width we use the value discussed in section 3, and
the branching ratios we determine as:
Bγ,i =
N totγ,i
N tot16.11
=
Nobsγ,i /ǫγ,i
Nobs,3α16.11,gs/ǫgs +N
obs,3α
16.11,exc/ǫexc
, (4)
whereN totγ,i is the total number of γ decays in the i’th tran-
sition and N tot16.11 is the number of decays in total. N
obs
γ,i is
the observed number of i transitions, Nobs,3α16.11,gs is the ob-
served number of decays in the 8Be(gs) channel, Nobs,3α16.11,exc
is the observed number of decays in the 8Be(exc) channel,
and ǫγ,i, ǫgs and ǫexc are the corresponding detection effi-
ciencies. The detection efficiencies are strongly dependent
on the 3α-breakup mechanism, and also depend on the de-
tailed analysis cuts placed on the detected events. Hence,
the efficiencies must be determined by Monte-Carlo sim-
ulations.
Due to changes in the setup, such as in the detection
geometry and the gradual adsorption on the target foil [20]
, the efficiencies vary and are calculated for each of the 10
data sets separately. The calculations are based on 3×106
simulated breakup events and the efficiencies for detecting
all three α particles range between 11-15% and 0.2-0.8%
for the 8Be(gs) and 8Be(exc) decay channels, respectively.
For γ decays the appropriate phase-space factor, E2L+1γ ,
replaces the entrance penetrability in the Breit-Wigner
function describing the daughter level. Next, experimental
effects are taken into account. These include the geometry
of the detection system and the response of the individ-
ual detectors. Finally, the simulated data is passed to the
same analysis routines as applied to measured data hence
accounting for any bias introduced by cuts and gates ap-
plied in the analysis procedure.
Uncertainties on trigger thresholds and deadlayer and
target foil thicknesses affect the low energy detection effi-
ciency strongly. This is particularly important for γ-delayed
triple-α emissions where α particles of very low energy are
emitted. In addition, geometry uncertainties strongly in-
fluence the efficiency for detecting decays in the 8Be(exc)
channel. This is due to the large breakup angle between
the secondary α particles, making it difficult to observe
both of them with two detectors. These effects are varied
within their estimated uncertainties and are responsible
for the systematic errors on the final results. Compared
to this, the systematic uncertainty coming from the de-
scription of the direct α-decay of the 16.11 MeV state
[20], which is used to normalise the branching ratios of
the γ-transitions, is negligible.
Reduced transition strengths
The observed partial transition widths are calculated ac-
cording to Eqs. (1) and (4) and also converted to re-
duced transition strengths. This is done both for the iden-
tified transitions to the 3−, 1− and 1+ levels and to the
unidentified natural parity groups at 9.8-10.3MeV and
11.5-13.0MeV. The latter group is divided into six sub-
groups, each 250 keV wide. Table 2 defines the groups
in terms of physics input to the efficiency and transition
strength calculations. Groups 4 and 5 are further divided
into two sub-groups, one assuming 2+ as daughter level
spin-parity and a second assuming it to be 3−. These
choices are motivated by an assumption that M1 and E1
are the dominating multipolarities, and that no more 1−
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states are expected in this energy region. The assumption
of the Jpi of the populated state affects slightly the esti-
mated detection efficiencies due to the difference in the
shape of the phasespace factor for different multipolari-
ties. Therefore the calculated partial widths are slightly
different for the two cases.
In the case of the 1+ level, which only decays through
the 8Be(exc) resonance, the breakup is treated as described
in [36], which is identical to model 4 in [20]. For the re-
maining groups the breakup is assumed to proceed via the
8Be(gs), which is the only known decay route for the 3−
and 1− levels (see also [34]).
Our recommended transition widths and reduced strengths
for the 1+, 1− and 3− states are shown in Table 3 while
Table 4 shows the corresponding results for the broad nat-
ural parity distributions in groups 4 and 5. Due to the very
low number of observed γ decays in each of the ten data
sets (typically below 10 decays for the 3− and 1+ levels, 40
decays for the 1− level and even lower for decays groups
4 and 5) a maximum likelihood analysis is performed in
order to calculate the average values. Tables 3 and 4 also
list the observed γ widths in units of the Weisskopf single-
particle estimates. Compared to the Weisskopf estimates
our widths are generally small with E1 transitions at the
per mille level and the M1 transitions at the 10% level.
For the 8Be(exc) decay events at 11.5-12.5MeV there
can be two different interpretations. They may result from
the same state(s) that gives rise to the natural parity
distribution in this region. Assuming this, the 8Be(exc)
branching ratio for the natural parity structure is calcu-
lated to 47%. This is a large value compared to the ac-
tual numbers observed in the ground and excited state
channels, which are 131 and 32, respectively, but may
be explained by the much lower detection efficiency for
8Be(exc) decays. Alternatively, they may result from un-
natural parity states in this energy region. One candidate
for this could be the 11.83 (2−) resonance, which could be
populated by an E1 transition.
6 Discussion and Outlook
Use of indirect detection of γ-decays has allowed identifi-
cation of considerable more strength then found earlier.
The partial widths for the previously observed transi-
tions to the 9.64MeV (3−) and 12.71MeV (1+) states are
consistent with the previous estimates given in table 1.
A stronger transition to the known 10.84MeV (1−) state
was identified for the first time.
The statistics in the unresolved part of the spectrum
is too little to make any firm conclusions. However, an
obvious interpretation for the observed strength at 10MeV
is the 2+ structure recently observed in this region [4,5,6,
8,9], while the strength at 11.5-13.0MeV is close to the 2+2
position found in β-decay experiments [11], but this region
also overlaps with the position of the 3− state suggested
by [2]. The strength in the 8Be(exc) channel in the 11.5-
12.5 MeV region is most likely due to feeding to the known
2− state at 11.83 MeV [1] because it is unlikely that a
natural parity resonance in that energy region would have
such a large partial decay branch to the 8Be(exc) channel.
An alternative interpretation of the unresolved strength
is direct capture to the 8Be+α continuum. However, Kel-
ley et al. [37] have estimated direct capture to be at least
two orders of magnitude less than resonant capture for the
16.11MeV 2+ state. Also, a contribution from γ-decay of
the 8Be 2+ resonance to the ground state of 8Be could
contribute to the unresolved strength,
12C(16.11MeV)→ 8Be(2+)+ α→ 8Be(0+)+ γ + α .
However, the γ-branching ratio of the 8Be 2+ resonance is
estimated to be less than 10−8 [38,39], and therefore less
than one event of this type is expected to contribute to
the data.
The measured partial widths to the resolved and un-
resolved resonances should provide strong constraints on
theoretical models predicting resonances in this impor-
tant region of the spectrum of 12C. Such calculations are
strongly encouraged.
The experiment presented here applied a relatively sim-
ple detection setup of only two DSSSDs. The use of a
larger setup covering a larger solid angle would increase
the detection efficiency for 3α-events considerably and there-
fore provide more statistics. This would shed more light
on the unresolved parts of the spectrum observed here.
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Table 1: Partial widths of the 16.11 MeV resonance from the latest evaluation [1], and updated values as discussed in
the text.
Channel Γx ([1]) Γx (updated) Comments
Γtot 5.3(2) keV 5.3(2) keV Combination of [21,22]
α0 290(45) eV 270(30) eV From total width and
α1 6.3(5) keV 5.0(2) eV
Γα0
Γα1
from [20]
p 21.7(1.8) eV 37(7) eV From σpγ0 and σpγ1 and eq. 2
γ (gs) 0.59(11) eV 0.35(4) eV From electron scattering [23]
γ (4.44) 12.8(1.7) eV 10.5(1.6) eV Combination of Γtot [21,22] and
Γγ(4.44)
Γα
[25].
γ (9.64) 0.31(6) eV 0.25(7) eV Combination of Γγ(4.44) and
γ (12.71) 0.19(4) eV 0.15(3) eV
Γγ(9.64,12.71)
Γγ(4.44)
Table 2: The five groups that efficiency simulation are performed for. Group 4 is divided into 6 intervals, each 250 keV
wide. The simulations in groups 4 and 5 are divided into two sub-groups assuming M1 and E1 decays to 2+ and 3−
states, respectively. Individual simulations are performed for all 10 data sets. l1 and l2 are the orbital angular momenta
of the primary and secondary α-decay of the 12C states.
Group Decay group 8Be breakup ch. [gs/exc] EL/ML l1 l2
1 1+ exc M1 2 2
2 1− gs E1 1 0
3 3− gs E1 3 0
4 11.5-13.0 MeV (2+, 3−) gs M1,E1 2,3 0
5 9.8-10.25MeV (2+, 3−) gs M1,E1 2,3 0
Table 3: Measured γ-widths averaged over all data sets (see text) for transitions to the 1+, 1− and 3− levels and cor-
responding reduced matrix elements. The latter are calculated assuming the lowest possible multipolarity. The second
column gives the total number of observed γ decays. Column 4 shows the width values in units of the corresponding
Weisskopf estimates. The statistical (first bracket) and systematic (second bracket) errors are indicated separately.
NTot Γγ [eV] [W.u. ×10
−3] B (E1) [e2 fm2 × 10−3] B (M1) [µ2N]
1+ 71 0.14(2)(5) 170 - 0.31(4)(11)
1− 365 0.48(4)(11) 9.3 3.2(3)(7) -
3− 36 0.33(8)(8) 3.4 1.2(3)(3) -
Table 4: Measured γ widths averaged over all data sets (see text) for transitions to the natural parity distributions
at 10.0MeV and at 11.5-13.0MeV. The second column gives the total number of observed γ decays. Columns 3 and
6 give the γ widths for the 2+ and 3− cases, respectively, while columns 4 and 7 list the width values in units of the
corresponding Weisskopf estimates. Columns 5 and 8 list the reduced matrix elements. The statistical (first bracket)
and systematic (second bracket) errors are indicated separately.
2+ 3−
∆ E [MeV] NTot Γγ B (M1) Γγ B (E1)
[eV] [W.u. ×10−3] [µ2N] [eV] [W.u. ×10
−3] [e2(fm)2 × 10−3]
9.8-10.3 15 0.018(7)(6) 0.22 0.007(3)(2) 0.018(8)(6) 3.8 0.08(3)(3)
11.5-11.75 32 0.021(5)(5) 0.66 0.020(5)(5) 0.021(5)(5) 11.2 0.22(5)(5)
11.75-12.00 35 0.019(4)(5) 0.70 0.022(5)(6) 0.019(4)(5) 12.0 0.24(5)(6)
12.00-12.25 33 0.015(4)(4) 0.67 0.021(6)(6) 0.015(4)(3) 11.4 0.23(6)(4)
12.25-12.50 31 0.012(3)(3) 0.65 0.020(5)(5) 0.014(3)(3) 13.0 0.26(6)(6)
12.50-12.75 31 0.011(3)(3) 0.73 0.023(6)(6) 0.012(3)(2) 13.7 0.27(7)(5)
12.75-13.00 21 0.007(3)(2) 0.58 0.018(3)(2) 0.008(3)(2) 11.4 0.23(9)(6)
